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ABSTRACT
To mimic the membrane environment for the photosynthetic reaction center of
the photoheterotrophic Heliobacterium modesticaldum, a proteoliposome system was
developed using the lipids found in native membranes, as well as a lipid possessing
a Ni(II)-NTA head group. The liposomes were also saturated with menaquinone-9
to provide further native conditions, given that menaquinone is active within the he-
liobacterial reaction center in some way. Purified heliobacterial reaction center was re-
constituted into the liposomes and a recombinant cytochrome c553 was decorated onto
the liposome surface. The native lipid-attachment sequence of cytochrome c553 was
truncated and replaced with a hexahistidine tag. Thus, the membrane-anchoring ob-
served in vivo was simulated through the histidine tag of the recombinant cytochrome
binding to the Ni(II)-NTA lipid’s head group. The kinetics of electron transfer in this
system was measured and compared to native membranes using transient absorption
spectroscopy. The preferential-orientation of reconstituted heliobacterial reaction cen-
ter was also measured by monitoring the proteoliposome system’s ability to reduce
a soluble acceptor, flavodoxin, in both whole and detergent-solubilized proteolipo-
some conditions. These data demonstrate that this proteoliposome system is reliable,
biomimetic, and efficient for selectively testing the function of the photosynthetic re-
action center of Heliobacterium modesticaldum and its interactions with both donors
and acceptors. The recombinant cytochrome c553 performs similarly to native cy-
tochrome c553 in heliobacterial membranes. These data also support the hypothesis
that the orientation of the reconstituted reaction center is inherently selective for its
bacteriochlorophyll special pair directed to the outer-leaflet of the liposome.
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Chapter 1
INTRODUCTION
The flow of electrons across a lipid bilayer is essential for the biochemical processes
that occur in life. Photosynthetic organisms utilize light to excite a special pair
of chlorophylls (P), within a dimeric pigment-protein complex known as a reaction
center (RC). This reaction is an endergonic electron transfer to a terminal electron
acceptor nearer to the other side of the membrane, opposite that of P, also referred
to as charge separation (Nelson and Yocum 2006). There are generally two types of
RC. The differentiation between the types is dependent upon their terminal electron
acceptor.
Every RC contains a set of cofactors specific to electron transfer (ET). These are
the cofactors that play a direct role in charge separation. These cofactors consist of
(bacterio)chlorins ([B]Chl), quinones, and a [4Fe-4S] cluster given the RC is a type
I. Charge separation begins when the special pair of (bacterio)chlorophyll is excited.
This excited-state can result in the transfer of an electron to an adjacent acceptor,
a (bacterio)chlorin-based compound. ET after this point varies depending on the
specific RC. If the terminal electron acceptor is a [4Fe-4S] cluster, then the RC is
type I that generates reductants important for metabolism, or a proton gradient for
ATP synthesis (refer to Figure 1.1). If the terminal electron acceptor is a quinone,
then the RC is a type II and generates a proton gradient for ATP synthesis.
In oxygenic photosynthesis, there are two paths of electron flow: cyclic and linear.
Cyclic electron flow is attributed to the type I RC (PSI). In cyclic electron flow, the
electron that is transferred from P to FX post-photoexcitation is transported to a
soluble secondary acceptor, then to the Rieske-cytochrome b complex, continuing to
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Figure 1.1: Schematic of electron flow within the membrane of Heliobacterium mod-
esticaldum. Although the flow is cyclic, the starting point in this schematic begins
at A, the photo-excited RC. The light-blue arrows denote electron flow, whereas the
light-purple arrows represent proton flow. The electron is transported from A to
B, a ferredoxin. From B the electrons are transported to C, the FNR, producing
NAD(P)H. This compound can get oxidized by D, the NAD(P)H:quinone oxidore-
ductase. At this point, the quinone pool is reduced and protons are pumped from the
cytoplasm to the periplasm. The reduced quinone pool can then be oxidized by the
Rieske-cytochrome b complex (E), and more protons are pumped from the cytoplasm
to the periplasm. E can reduce an oxidized F, being cyt c. From F, the electrons are
available for the photo-excited oxidized A, thus completing the cycle. Each proton
pumped into the periplasm can be used to generate ATP at G, the ATP-synthase.
cytochrome c, and donated back to the oxidized chlorophyll special pair (P+) within
the RC (Vassiliev et al. 2001). In contrast, a pseudo-linear electron flow can occur at
the secondary acceptor step previously mentioned in cyclic electron flow. However,
the product of the electrons transported to the ferredoxin:NAD(P)+ oxidoreductase
(FNR), being NAD(P)H, can be used for metabolic processes.
In the type II RC of the photosynthetic apparatus (PSII), electron flow is consid-
ered truly-linear because the RC requires an input of electrons from a substrate. PSII
oxidizes the substrate, H2O, generating molecular oxygen. Those electrons are then
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used to reduce P680
+ after charge separation. The terminal electron acceptor in type
II RCs is a mobile quinone (Q) (Diner et al. 1991). A double reduction-protonation
of the Q occurs in PSII, resulting in a quinol. The quinol exits the RC to make its
way to the Rieske-cytochrome b complex to get oxidized, thus generating a proton
gradient as well providing electrons for the re-reduction of P700
+ in PSI.
Heliobacteria possess the most simplistic RC known. Its X-ray crystal structure
was solved at 2.2 A˚ (Gisriel et al. 2017). This is the first homodimeric type I reaction
center structure available. Because of its simplicity and sensitivity to oxygen, it is of
interest regarding the evolution of the photosynthetic apparatus. The heliobacterial
reaction center (HbRC) does not possess any known peripheral antenna system. There
are 11 transmembrane helices that make the PshA monomer, 2 of which form the
homodimeric core. There is a single transmembrane helix subunit, referred to as
PshX, that can be found bound to each side of the core. Within the HbRC structure
there are 4 Bchl g ′, 2 81-OH Chl a, and 54 Bchl g. The ET domain consists of 2
Bchl g ′ (P800), 2 81-OH Chl a (A0), 2 Bchl g (commonly referred to as accessory
chlorophylls [Acc]), and a [4Fe-4S] cluster. Within the heliobacterial membrane there
is a significant pool of menaquinone (MQ), with menaquinone-9 being the dominant
variant (Trost and Blankenship 1989; Sarrou et al. 2012). However, there was not a
bound Q within the structure of the HbRC (Gisriel et al. 2017). This is unlike PSI,
where the Q within the RC is a necessary component of ET. It has been demonstrated
that the HbRC retains the capability of ET to FX without Q. The heliobacterial
membrane’s Q pool can be depleted, through ether extraction, yet charge separation
between P800 and FX is not inhibited (Kleinherenbrink et al. 1993). However, there
are several EPR experiments yielding signals assigned to a semiquinone radical; given
FX is pre-reduced with dithionite, at a temperature of 77K (Muhiuddin et al. 1999;
Miyamoto et al. 2008; Kondo et al. 2015). This suggests that Q is involved in forawrd
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ET in some way.
There is one known donor to P800
+ in the HbRC. This protein is cytochrome
c553 (cyt c) (Prince et al. 1985; Albert et al. 1998). This cyt c has a single heme
cofactor, and is anchored to a lipid on the outer-leaflet of the membrane. The rate of
the reduction of P800
+, by cyt c, varies depending on the temperature, with a range
of 300 µs - 3 ms (Oh-Oka et al. 2002). The concentration of Mg(II) has also been
demonstrated to be a contributing factor to this interaction in vivo, with only subtle
changes in crude membrane-extracts (Oh-Oka et al. 2002; Kashey et al. 2014). There
are roughly 5-6 cyt c per HbRC in vivo (Sarrou et al. 2012). One study demonstrated
that the lipid-anchor site of native cyt c is detrimental to its interaction with HbRC.
The rate of reduction between native cyt c in crude membranes is nearly 2 orders of
magnitude greater than that of the rate between a soluble recombinant hexahistidine-
tagged cytochrome c553 (H6-cyt c) and HbRC in detergent micelles (Kashey et al.
2018). The interactions between the H6-cyt c and purified HbRC in micelles was so
small that it could not be measured accurately regardless of the concentration of the
H6-cyt c.
There are many variables that seem to influence the HbRC in context of electron
flow. Native heliobacterial membranes are packed with proteins that can indirectly
modulate HbRC activity, let alone those that directly play a role. However, puri-
fied detergent-solubilized HbRC have not demonstrated the full range of function
seen in vivo. Membrane mimics, such as liposomes, allow the study of membrane
proteins with the capability of modulating the dynamic environment of the protein
under test. The heliobacterial membrane largely consists of the two lipids: phospho-
tidylethanolomine (PE) and phosphotidylglycerol (PG). However, there are a wide
range of lipids to choose from when forming liposomes. Specialized lipids can be
added to the liposomes to alter the various aspects of the liposome interaction with
4
Figure 1.2: A diagram of proteoliposome development. This triptych demonstrates
the varying stages of complexity of this proteoliposome (PLP) system. In A is the
basic liposome containing PE and PG lipids, as well as a Ni(II)-NTA head group
lipid (pale-blue dot). A section of the liposome has been removed to demonstrate
3D space. The HbRC can be seen reconstituted into the liposome in B. The RC
is colored green, and the N-side of the RC, containing P800, is a darker green. The
P-side of the RC, with the cofactor FX , is colored red. The addition of peripheral
donor and acceptor proteins can be seen in C. The orange-colored protein represents
H6-cyt c, a donor to P800
+, seen bound to the Ni(II)-NTA head group. The yellow
protein is a soluble acceptor capable of receiving electrons from the red-colored FX
−
either substrate, protein, or small molecules. One such specialized lipid, not found
in nature, has a Ni(II)-NTA head group. This lipid can be used as a binding-site for
histidine-tagged proteins, such as H6-cyt c. A liposome comprised of PE and PG,
reconstituted with HbRCs and decorated with H6-cyt c attached to the lipid bilayer’s
outer-leaflet via a Ni(II)-NTA head group lipid, may provide a biomimetic, yet de-
fined system, to study heliobacterial electron flow, one variable at a time (refer to
Figure 1.2).
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Chapter 2
MATERIALS AND METHODS
2.1 Protein expression and purification
The HbRCs used in this experiment were purified using the methods developed
by Sarrou et al (Sarrou et al. 2012). The purity of the protein derived from this
method was shown to yield high quality crystals, as demonstrated by Gisriel et al
(Gisriel et al. 2017). The soluble donor and acceptor used for this experiment were,
H6-cyt c and flavodoxin (Fld). The methods for expression and purification of these
proteins were adapted from Kashey et al and Zhao et al, respectively (Zhao et al.
1998; Kashey et al. 2014). The only deviation from the protocols of Kashey and Zhao
was the purification buffer being changed to 50 mM MOPS-HCl, pH 7, to maintain
consistency with the HbRC and liposome buffer.
2.2 Liposome production
The lipids used in this method were purchased from Avanti Polar Lipids (Al-
abaster, AL). Those lipids were: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanal-
omine (PE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) sodium salt
(PG), and 1,2-dioleoyl-sn-glycero-3 [(N-(5-amino-1-carboxypentyl) iminodiacetic acid)
succinyl] nickel salt (DOGS). Each batch of liposomes consisted of 8 µmol of total
lipids (corresponding to ∼5 mg). The lipid composition was based on results that de-
termined a 3:1 molar ratio of PE:PG in heliobacterial membranes (Trost and Blanken-
ship 1989). If the liposomes contained DOGS, then the moles of PE were reduced to
accommodate; the PG mole fraction was kept constant. MQ-9 was added at a molar
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ratio of 40:1 lipid:MQ. This ratio was determined based on an experiment in which
the amount of MQ that incorperated into the liposomes was visually determined us-
ing a sucrose gradient (results not shown). All lipids (including MQ) were dissolved
in chloroform and added at the desired molar ratios to a 2 mL flat-bottomed glass
vial with a ceramic screw-tight lid. The solution was vortexed well to mix the lipids
completely. The lid was removed, and a stream of inert gas (N2) was run over the
sample, overnight, to remove all chloroform. The vial containing the resulting lipid
cake was quickly capped, and the top was sealed with parafilm to inhibit moisture
and air from entering. Lipid cakes were stored at -20◦C for up to 1 week.
The creation of the liposomes was done anoxically in an anaerobic glovebox con-
taining 95% N2 and 5% H2. The vial containing the lipid cake was placed in a heat
bath set to 88◦C (or the highest melting temperature of any lipids used), which con-
verted the solid cake into a gel. All solutions and equipment involved in this process
were also pre-heated to 88◦C. 1 mL of liposome buffer (LPB: 50 mM MOPS-HCl, pH
7.0, and 5 mM sodium ascorbate [Asc]) was added to the lipid gel, and vortexed until
no visible remnants of the gel could be seen on the side of the vial, nor floating in the
suspension. This often took 15 min, during which the sample was frequently placed in
the heat bath to maintain the temperature at 88◦C. The resulting crude multilamellar
vesicles were extruded by hand, 10 times, through a 200 nm diameter polycarbonate
filter that had been pre-soaked in LPB. 5 µL of the liposome sample was diluted with
455 µL of LPB for dynamic light scatter (DLS) measurements to estimate the size
dispersity of the sample. The measurements were performed on a DynaPro NanoStar
from Wyatt Technology Co. (Santa Barbra, CA ). The light source of this equipment
is a single transverse mode heterojunction GaAs laser that emits a 658 nm beam at
a power of 100 mW at the sample. All measurements were taken at ambient room
temperature in a 1 cm plastic cuvette. This technique measures the diffusivity of the
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particle (D) and calculates the hydrodynamic radius (dH) of the particle using the
Einstein’s equation: dH = kT/3piηD, where k is the Boltzmann constant, T is the
absolute temperature in Kelvin, and η is the viscosity of the solution. This calculation
is assuming the liposomes are spherical. The remaining liposome sample was brought
to a final volume of 1 mL with LPB and immediately used for reconstitution.
2.3 Protein reconstitution into liposomes
The same detergent used for solubilization of the HbRC, β-dodecylmaltoside (β-
DDM), was added to the liposome sample to a final concentration of 0.02%. This
was put on a rotational mixer, at 7 rpm, for 5 min at ∼20◦C. The addition of the
HbRC was done in the dark, anoxically in the aforementioned anaerobic glovebox.
The amount of HbRC added to the liposomes was based on a minimum lipid:protein
molar ratio of 1000:1. 138 µL of purified HbRC (∼50 µM), in 50 mM MOPS-HCl
(pH 7.0) and 0.02% β-DDM, was added to the liposomes; this corresponds to ∼7
nmol of HbRC. The mixture was gently sonicated (60 W at 42 MHz) for 12 min to
encourage reconstitution of the HbRC into the liposomes, and then pipetted into a
microcentrifuge tube containing Biorad polystyrene Biobeads (>40 mg) to remove
detergent molecules. The sample was mixed rotationally overnight. The sample
(now containing proteoliposomes [PLPs]) was removed from the microcentrifuge tube,
placed in a new tube with fresh Biobeads (>40 mg), and mixed for one hour. This
step was performed twice. Care was taken to separate the newly generated PLPs
from any remaining Biobeads in the last step.
2.4 P800 photo-oxidation and H6-cytochrome c553 re-reduction assays
All steps involving a direct addition of, or to, the PLP sample was performed
anoxically in an anaerobic glove box. An aliquot of 50 µL of PLPs was diluted
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with LPB to a total volume of 400 µL, resulting in a HbRC concentration of 860
nM. H6-cyt c was added directly to the 10 mm gas-tight cuvette containing the
PLPs, and the mixture equilibrated for 30 minutes in the dark before the P800 and
H6-cyt c measurements were performed. After each measurement, the cuvette was
taken back to the glovebox, more H6-cyt c was added, and the process was repeated.
Transient absorption measurements were used to determine the initial P800/H6-cyt c
photo-oxidation/re-reduction kinetics, using a Bio-Logic JTS-10 kinetic spectrometer
(Knoxville, TN). Baseline-absorbance measurements were taken with 10 µs flashes,
every 1 s for a total of 10 times, from an LED centered at either 803 nm or 554
nm. The sample was excited with a saturating (15 mJ) 6 ns flash at 532 nm using a
Continuum Minilite frequency-doubled Nd:YAG laser (San Jose, CA). Measurements
of the changes in absorbance were taken starting at 250 µs post excitation-flash.
The change in absorbance that occurs at 803 nm, after excitation, is due to the
photo-oxidation of P800. The total re-reduction of P800
+ occurs, over ∼1 min, by
a variety of different reductants. After each P800 photobleaching/re-reduction mea-
surement sequence, an additional set of measurements were taken to monitor changes
in the absorbance spectrum at 554 nm. This change correlates to H6-cyt c oxida-
tion by P800
+. These measurements were done using the exact same sequence as the
P800 photo-oxidation/re-reduction, except that the detection wavelength was 554 nm.
Each sample was run in triplicate.
Control measurements were taken with the aperture of the laser closed before each
experiment. The average of the measurements with the laser closed were subtracted
from the average of the sequences with the laser open, thus eliminating any artifacts
caused by the change in data collection rate. The resulting corrected-averages were
fit using multi-exponential decay model in OriginPro 8.5.1. The equation for these
fits was: y =
∑n
i=1Ane
−x/τn +y0, where n exponentials were required to satisfactorily
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fit the data; An and τn are the amplitude and decay time for each exponential decay
component. The exponentials were initially selected based on the number of expected
time components for either P800
+ re-reduction, or H6-cyt c oxidation. However, the
residuals from these fits were analyzed for any kind of trend, or significant magni-
tude. If a sample was expected to have 2 time components, it was initially fit to a
bi-exponential decay model. If the residuals from that fit demonstrated a exponen-
tial trend, a tri-exponential decay model was used. This process was repeated to a
maximum of quad-exponential decay, but typically until the error from the fits were
greater than the values of the time component.
2.5 Flavodoxin reduction assay
The capabilities for the reduction of a soluble acceptor by the HbRC, in the
PLPs, was not known. If there is preferential orientation for reconstitution of the
HbRC, into liposomes, then there should be a variation in the rate of reduction by
HbRC in liposomes before and after solubilization by a detergent. If the molar %
of DOGS changes the preference for reconstitution orientation, then there should
be differences in Fld reduction rate, both before and after solubilization, for every
sample. The reduction/oxidation of Fld can be measured by monitoring the change in
absorbance at 573 nm. Transient absorption kinetic measurements for Fld reduction
were performed by monitoring the changes in absorbance at 573 nm after excitation of
the HbRC in PLPs, using a Bio-Logic JTS-10 kinetic spectrometer (Knoxville, TN). A
baseline (dark) measurement was performed. The sample was illuminated for 250 ms
by 637 nm LED at a flux of 3 mmol photons m−2 s−1. After 45 ms, a 10 µs detection
flash at 573 nm was performed, and 5 ms later the illumination/measurement was
repeated over the period of 3 s. In this way, the actinic light did not interfere with
the measurement.
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The samples that were tested using this illumination sequence were prepared in
the following method. A stock for each PLP sample was made by mixing 100 µL of
PLPs, 80 µL of 210 mM phenazine methosulphate (PMS), and 3020 µL of LSB. PMS
is a fast electron donor to the HbRC. The stock consisted of 8 testable aliquots. The
stocks were rotationally mixed for 30 minutes to allow the PMS to diffuse through
the bilayer of the PLPs.
The different variants were tested in triplicate. Three separate 400 µL aliquots of
each concentration. The aliquots were tested with and without the addition of 20 µL
of 0.4 mM Fld, so that any Fld-independent absorption changes could be subtracted.
However, these were small and amounted to <3% of the absorbance changes in the
solubilized samples. There were no compounds that could be added to the sample
to selectively oxidize reduced Fld. Due to this, after each laser flash, the pool of
available Fld would diminish. Thus, to accurately assess the rate of Fld reduction,
by the HbRC, identical samples had to be experimented on in parallel.
The remaining 2 mL of stock received 180 µL of a detergent solution containing
10% β-DDM. This was gently rotationally mixed for an hour to solubilize the PLPs.
The solubilized PLP-sample-aliquots were a larger volume (436 µL) because of the
detergent addition; however, no changes were made to the amount of Fld added. This
difference was accounted for in post-processing of the data by normalization to the
total concentration of P800
+. The data was processed by (1) averaging the points
for each PLP sample with and without the addition of Fld, (2) subtracting the runs
without Fld from the runs with Fld to remove any artifacts, (3) and normalizing each
data point to the amount of HbRC present by dividing by the maximum amount
of P800 photobleaching for that sample. The resulting datasets were fit to a linear
equation to determine the rate of Fld reduction per HbRC.
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Chapter 3
RESULTS
3.1 Proteoliposome characterization
The liposome sample generated through the heat/extrusion method was trans-
parent; the sample had a yellow hue visually indicating the presence of the quinone
within the liposomes. The heat/extrusion technique resulted liposomes with a calcu-
lated hydrodynamic radius of 138±22 nm and a polydispersity of only 20% (refer to
Figure 3.1).
3.2 Cytochrome titration
The HbRC containing liposomes, or PLPs, needed to be further characterized to
determine whether the DOGS lipid bound the recombinant hexahistidine-tagged cyt
c (H6-cyt c). This binding was necessary for a functionality similar in vivo conditions.
The PLPs were mixed with purified H6-cyt c. If the H6-cyt c binds to the DOGS lipid’s
Ni-NTA head group, then a time component other than charge recombination (CR)
should be observed. HbRC in micelles, as well as in vivo, have a charge recombination
of 15±2 ms (Heinnickel et al. 2006). Therefore, the charge recombination seen from
HbRC reconstituted into liposomes should be similar. In native conditions, the HbRC
is accessible to the membrane-bound cyt c; the re-reduction of P800
+, by cyt c, occurs
on the time scale of 4±2 ms at room temperature (Oh-Oka et al. 2002; Redding et al.
2014).
Prior to the addition of H6-cyt c, the decay of P800
+, is nearly identical in each sam-
ple (refer to Figure 3.2, black line) with a decay time of 19 ms, and is attributed to CR
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Figure 3.1: Histogram of the DLS data of liposomes. The red lines represent the
average size of greatest intensity from a sampling of 40 times. There were a range
of sizes, in terms of calculated hydrodynamic radius, but the deviations were less
than 20% of the total population. Thus, the sample consists of 80% monodispersed
liposomes with a hydrodynamic radius between 100-170 nm.
of P800
+ FX
−, consistent with previous observations (Heinnickel et al. (2006);Redding
et al. (2014);Oh-Oka et al. (2002)). Addition of the recombinant H6-cyt c resulted in
the appearance of a new decay component with a decay time in the range of 2-7 ms
(refer to Figure 3.2 and Table 3.1). This was attributed to reduction by the H6-cyt c.
At the highest cyt c concentration, the amplitude of this new component accounted
for 70-80% for the PLPs that contained the DOGS lipid, but was negligible for PLPs
lacking DOGS (refer to Table 3.1). This is consistent with the idea that the H6-cyt
c must bind to the DOGS lipid to serve as a fast donor to P800
+.
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Table 3.1: The time components (τ) and amplitudes (%) from the multiexponential
fittings of P800 photobleaching recovery kinetics in proteoliposome samples made with
varying molar compositions of DOGS, as well as varying additions of H6-cyt c.
Mole% H6-cyt c τcytc H6-cyt c CR Asc
R2
DOGS (µM) (ms) amplitude(%) amplitude(%) amplitude(%)
0
0 − − 96.0±0.2 2.5±0.2 0.99994
8 2.5±1.1 2.2±0.4 92.6±0.5 4.7±0.1 0.99995
30 5.1±1.0 6.5±0.8 88.0±0.9 4.9±0.2 0.99994
62 − − 94.7±1.3 3.6±09 0.99763
5
0 − − 96.2±03 2.1±0.2 0.9999
8 4.6±0.9 9.6±1.1 83.7±1.3 5.6±0.3 0.99985
30 6.7±0.5 36.7±2.1 56.9±2.3 5.1±0.3 0.99978
62 6.2±0.3 71.8±2.3 21.0±2.6 5.2±0.4 0.9996
10
0 − − 95.8±0.3 2.2±0.2 0.9999
8 2.4±0.4 5.5±0.4 88.9±0.4 4.7±0.1 0.99996
30 6.2±0.4 27.4±1.5 66.0±1.7 5.5±0.25 0.99986
62 5.0±0.2 74.1±0.9 19.2±2.2 5.2±0.4 0.99947
20
0 − − 96.1±0.2 2.7±0.2 0.99992
8 5.6±0.8 8.5±0.9 84.4±1.0 6.3±0.2 0.99995
30 5.5±0.8 22.0±2.1 71.9±2.4 5.2±0.4 0.99964
62 5.0±0.1 78.9±0.9 16.5±1.1 4.0±0.2 0.99988
If one examines the individual kinetic traces and their fitting (refer to Figure
3.2 and Table 3.1), the faster decay time is a function of neither the DOGS mole
fraction in the PLPs (in the range tested) nor the amount of H6-cyt c. In contrast,
the amplitude of this component rises with increasing additions of H6-cyt c. Plotting
the amplitudes for H6-cyt c contribution to re-reduction of P800
+ results in a similar
slope for each PLPs sample that contains DOGS (refer to Figure 3.3).
As a further test of the role of the bound H6-cyt c in reducing the photo-oxidized
HbRC, the oxidation of H6-cyt c after the laser flash was observed. This was mon-
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Figure 3.2: P800 photo-oxidation recovery-kinetics in HbRC-containing proteolipo-
somes at varying compositions of DOGS and additions of H6-cyt c. Changes in ab-
sorbance were measured with 803 nm detection flashes. Raw data are shown as points,
and multiexponential decay fits are represented by the lines in this semi-logarithmic
plot.
itored at 554 nm, close to the peak of the alpha band (Kashey et al. 2014, 2018),
using the exact same flash and detection sequence used to follow P800 oxidation and
re-reduction. In this experiment, the oxidation/re-reduction of H6-cyt c was mon-
itored as the bleaching and recovery at 554 nm. The time this oxidation occurred
at was much faster than those calculated by P800 photobleaching, but only at the
highest H6-cyt c concentrations (refer to Figure 3.4 and Table 3.2). However, in the
lower H6-cyt c concentration samples, the R
2 suggests that the decay time calculated
by the fit for those samples (0%DOGS at 30 µM, and 5-20%DOGS at 8 µM) is not
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Figure 3.3: Changes of the percentage contribution of H6-cyt c time component-
amplitudes in each proteoliposome variant. The H6-cyt c amplitudes obtained from
the multiexponential fits are shown as points. The linear fits are represented by lines.
as reliable (refer to Table 3.2).
3.3 Flavodoxin photoreduction by the HbRC in proteoliposomes
The PLPs are an enclosed system. The orientation of the reconstituted-HbRC
determines the amount of P800
+ that can be accessed by the H6-cyt c. The maximal
amplitude of P800
+ reduction by H6-cyt c neared 80%, even before saturation with
H6-cyt c. This suggests that there is a strong bias for the HbRC to be incorporated
into the membrane with the P-side oriented on the outside and with FX inside the
PLP. Note that this fraction (80%) is a minimal estimate for this bias, because some
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Table 3.2: The time components (τ) and amplitudes (µAU) from the multiexponen-
tial fittings of H6-cyt c oxidation and re-reduction kinetics in proteoliposome samples
made with varying molar compositions of DOGS, as well as varying additions of
H6-cyt c.
Mole% H6-cyt c τcytc H6-cyt c
R2
DOGS (µM) (ms) amplitude(µAU)
0
8 − − −
30 3.6±24.6 72.7±18.1 0.3145
62 16.0±3.2 23.9±17.4 0.9181
5
8 9.0±2.8 117.0±12.8 0.8573
30 15.9±1.6 314.0±11.8 0.9790
62 4.4±0.5 621.0±25.1 0.9793
10
8 10.7±9.0 41.0±12.5 0.3988
30 17.0±4.1 173.0±15.4 0.8984
62 2.8±0.7 493.0±47.0 0.9540
20
8 11.9±6.4 58.7±11.5 0.6981
30 14.6±2.9 160.0±11.9 0.9238
62 3.0±0.4 478.0±25.2 0.9691
of the HbRCs oriented with their P-side outside undergo CR between FX
− and P800+
before reduction of the latter by cyt c. As a complementary test of this strongly
biased orientation, an analysis of the reduction of an exogenous acceptor by FX
− was
performed. In this experiment, cyanobacterial Fld was used as the soluble acceptor,
as reduction of Fld results a large spectroscopic change in a region of the spectrum
not absorbed by pigments in the HbRC. This protein has already been established as
a good electron acceptor for the HbRC (Romberger and Golbeck 2012). An electron
donor that could compete with CR of P800
+FX
− was required. This donor would also
need to be able to reduce P800
+ whether it was oriented on the outside or inside of
the PLPs. Obviously, cyt c could be used as the electron donor in this case. Instead,
phenazine methosulfate (PMS) was used, as it can penetrate membranes and serve
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Figure 3.4: H6-cytochrome c553 oxidation/re-reduction recovery-kinetics in a mix-
ture of proteoliposomes comprised of varying amounts of DOGS. Changes in ab-
sorbance were measured with 554 nm detection flashes. Raw data are shown as points,
and multiexponential decay fits are represented the lines in this semi-logarithmic plot.
as a fast donor (Redding et al. 2014). HbRCs oriented with FX
− on the inside of
the PLPs should not be able to access the Fld added after reconstitution. However,
solubilization of the PLPs with a detergent would grant the Fld access to all HbRCs.
Thus, comparison of the Fld reduction rate before and after solubilization provides a
measure of the HbRCs oriented with FX outside.
Figure 3.5 shows the time courses of Fld reduction by the PLPs. The slope of the
change in absorbance at 573 nm, normalized to the concentration of RC, was used as a
measure of the Fld reduction rate. In every case, the rate of Fld reduction was initially
quite low. However, this rate increased greatly after the sample was solubilized with
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Table 3.3: The rates of flavodoxin reduction by HbRC in proteoliposomes pre/post
detergent solubilization.
Mole% Pre-solubilization Post-solubilization % Fraction HbRC
DOGS (Fld RC−1 s−1) (Fld RC−1 s−1) with FX out
0 0.18±0.01 0.72±0.01 25
5 0.09±0.01 0.83±0.01 11
10 -0.01±0.01 0.69±0.01 <3
20 -0.01±0.01 0.47±0.01 <3
β-DDM. The rate calculated for the PLPs lacking DOGS was 0.18±0.01 Fld RC−1
s−1 (refer to Table 3.3). This rate decreased as the fraction of DOGS increased, and
was unmeasurable in the 10% and 20% DOGS PLPs. The 0% DOGS PLPs exhibited
a 4-fold increase in Fld reduction rate after solubilization, indicating that there is
already a strong bias for the HbRC to be oriented with P800 outside in native-lipid
compositions (75%). However, the bias seems to increase after addition of DOGS
to the PLPs. In the 5% DOGS sample, solubilization results in a 10-fold increase,
indicating that 90% of the HbRCs were oriented with P800 outside (and FX inside) in
these PLPs. Presumably, the bias becomes even more extreme in the 10% and 20%
DOGS PLPs, so much so that it becomes operationally difficult to estimate.
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Figure 3.5: Fld reduction by HbRC. Changes in the absorbance were measured at
573 nm to monitor Fld reduction by FX
−. P800 photobleaching was performed to
assess the total amount of available HbRC in each sample. The y-axis represents
the amount of reduced Fld per total HbRC. The triangle points are whole liposomes,
whereas the circular points are liposomes that have been solubilized.
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Chapter 4
DISCUSSION
4.1 Interaction of H6-cytochrome c553 weith P800
The interaction between the PLP-reconstituted HbRC and the DOGS-bound H6-
cyt c mimics the native interactions between lipid-anchored cyt c and HbRC within
the heliobacterial membrane. The reduction of P800
+ by H6-cyt c is fast enough to
compete with the ∼15 ms CR from FX− (refer to Table 3.1). The time constant
was 5.6±0.4 ms, which is comparable to the literature time of membrane-bound cy-
tochrome in crude heliobacterial membrane isolates (Oh-Oka et al. 2002; Kashey et al.
2014). However, the time component of H6-cyt c, through the monitoring of changes
in the absorbance at 554 nm, is similar to literature values (4±2 ms) in only the
62 µM H6-cyt c sample, but not in either the 8 or 30 µM sample (refer to Figure
3.4 and Table 3.2). This is likely due to the quality of the fit, as the R2 values are
lower for those conditions. The necessity of a membrane attachment for cyt c inter-
action with the HbRC is demonstrated in this study, in comparison to the soluble
H6-cyt c interaction with HbRC in micelles seen in Kashey et al (Kashey et al. 2014).
However, given the similarity in kinetics between the native lipid-anchored cyt c in
membranes and the Ni(II)-NTA-bound H6-cyt in PLPs, the means of this attachment
is not important. This is not surprising as there are many variants of cyt c throughout
photosynthesis, to include those with α-helical transmembrane components.
The rates of reduction by added H6-cyt c to the PLPs containing DOGS increases
as the added H6-cyt c increases (refer to Figure 3.1). However, there is very little
difference between the PLPs containing DOGS in the 5-20% range. The interpretation
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of this result is that 5% DOGS is sufficient to provide ample binding sites for H6-
cyt c, and that the increasing amplitude of fast reduction is due to the increased
amount of membrane-bound H6-cyt c, resulting in a greater probability that one of
them will reduce P800
+ before CR takes place. Note that the competition with CR
means that it would be very difficult, if not impossible, to observe a rate of reduction
by cyt c slower than 1/(20 ms). The complementary experiment monitoring 554 nm
demonstrated that the kinetics of cyt c oxidation by P800
+ occurred with kinetics
that would overlap temporally with CR at the lower cyt c concentrations (refer to
Table 3.2).
4.2 Bias of HbRC reconstitution into proteoliposomes
The Fld reduction that occurs in whole PLPs, regardless of the molar ratio of
DOGS, demonstrates that there is a significant degree of selectivity for how the HbRC
reconstitutes. The drastic change in rate of Fld reduction by the HbRC, between the
whole and solubilized PLPs, suggests that most of the protein reconstitutes with P800
facing the outer-leaflet in all PLP variants (refer to Table 3.3). It is known that there is
typically some selection for most membrane proteins when it comes to reconstitution
(Tunuguntla et al. 2013). An interesting benefit to the utilization of the DOGS
lipid, when forming the liposomes, is that the additional negatively charged head
group seemed to enhance the specificity of the orientation. The liposomes without
DOGS yield a greater amount of HbRC that reconstitute with FX at the outer-leaflet,
being ∼13%. This percentage goes down to <3% for the PLPs containing a higher
concentration of DOGS (refer to Table 3.3). This could be due to the surface charge
of both the P-side and N-side of the HbRC. The N-side, which is the location of FX , is
overall positive. Whereas, the P-side of the HbRC is negative. The lipids PE and PG
are zwitterionic and anionic, respectively. In this study, it was the PE concentration
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being adjusted for the moles of DOGS added. Thus, increasing the moles of DOGS
resulted in an overall increase in the anionic-nature of the membrane. The surface
of the liposomes would have a more negative charge. The surface area of the N-
side is also smaller than that of the P-side. This could also be a contributing factor.
However, it is more likely that the charge characteristic of the liposome provides most
of the selectivity, as the addition of the negatively charged Ni(II)-NTA head group
DOGS demonstrates the greater selective pressure occurring during reconstitution.
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Chapter 5
CONCLUSIONS
The PLP system developed in this study has yielded a novel photokinetic compo-
nent for the HbRC. The recombinant H6-cyt c and its attachment to the DOGS lipid
provides an accurate mimic for native conditions and its interaction with the HbRC.
The reconstitution-orientation of the HbRC selects for the special pair (P-side) of the
reaction center to be at the outer-leaflet of the membrane at a probability of nearly
80%, depending on the concentration of DOGS. The PLP system developed in this
study allows for the means to modulate the dynamics of the HbRC and other com-
ponents involved in its function. The components incorporated in this PLP system
provide a biomimetic section of the pathway for electron flow within the heliobacterial
membrane. This PLP system comprised of a MQ-infused lipid bilayer, reconstituted-
HbRC, and Ni(II)-NTA-decorated-H6-cyt c will be used to probe the role of the MQ
within the HbRC.
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